The bulk photovoltaic effect (BPVE) is a phenomenon which creates a net electrical current from sunlight in a polar noncentrosymmetric material possessing a moderate band gap. This effect is being explored as an alternative to traditional pn-junction solar cells to convert solar energy into electricity. This paper assesses the possibility that hydrogenated Zintl-phase compounds consisting only of metal, metalloid, and hydrogen atoms, may be able to provide a BPVE response. Towards this end, the magnitude of the BPVE shift current is calculated for each of the compounds AeT rT tH (Ae = Ca, Sr, and Ba; T r = Al and Ga; and T t = Si, Ge, and Sn).
The bulk photovoltaic effect (BPVE) is a phenomenon which creates a net electrical current from sunlight in a polar noncentrosymmetric material possessing a moderate band gap. This effect is being explored as an alternative to traditional pn-junction solar cells to convert solar energy into electricity. This paper assesses the possibility that hydrogenated Zintl-phase compounds consisting only of metal, metalloid, and hydrogen atoms, may be able to provide a BPVE response. Towards this end, the magnitude of the BPVE shift current is calculated for each of the compounds AeT rT tH (Ae = Ca, Sr, and Ba; T r = Al and Ga; and T t = Si, Ge, and Sn).
For this family of hydogenated Zintl compounds, maximum shift current responses are predicted that are up to eight times greater than that calculated for BiFeO 3 , and have a significant response down to much lower photon energies than BiFeO 3 as well.
With band gaps below 1 eV, and with some members of this family of compounds exhibiting stability in air up to 770 K, some of these compounds may find use in photovoltaic devices. * john.a.brehm@vanderbilt.edu The bulk photovoltaic effect (BPVE) is a second-order nonlinear phenomenon in which electrons are excited from the valence band to the conduction band of a semiconducting or insulating compound by electromagnetic radiation, such as solar energy, with a net carrier velocity generated in particular crystallographic directions in real space, resulting in a net current. [1, 2] In contrast to traditional solar cell pn-junction materials physics, the BPVE does not require hetero-materials to create a current, nor is the photovoltage limited to the band gap of the material. As such, it could allow for simpler manufacturing processes and produce materials with higher photovoltages. The only materials requirements for a potential BPVE compound are that it be noncentrosymmetric and possess a band gap.
(However, in an environment of unpolarized sunlight, stricter requirements are that the compound be polar noncentrosymmetric and have a band gap at or below the visible range.)
The search for useful BPVE materials has led to predictions of the effect in traditional oxide perovskites (lead titanate and barium titanate), [3] [4] [5] [6] non-traditional oxide perovskites like BiFeO 3 and BiFeCrO 3 ,[2, 7-10] hybrid organic-inorganic perovskites, [11] monoclinic nonperovskite chalcogenides, [12] and proposed monochalcogenide chain arrangements. [13, 14] In all the above referenced BPVE material examples, the ions in the compounds assume traditional cation-anion oxidation state roles. Yet, materials chemistry is rich in compounds that depart from this paradigm. For example, Zintl phases consisting only of Group (I, II) metals and metalloids form well-known families of compounds in which the more electronegative element(s) can be considered to be the anion(s). In many instances, these anionic atoms interact and are termed a polyanion. The AeT rT t (Ae = Ca, Sr, and Ba; T r = Al and Ga; and T t = Si, Ge, and Sn) compounds are such a family. While all are metallic compounds, a hydrogenation process converts them into polar semiconductors in the P 3m1 space group with the chemical formula AeT rT tH and calculated band gaps between 0.3-0.8 eV. [15] [16] [17] [18] [19] [20] [21] [22] [23] An optical absorption experiment on one of these compounds, SrAlSiH, has shown a band gap of 0.63 eV. [23] CaAlSiH is representative of this family. Its unit cell, with the short Al-H bond length of 1.75Å, is shown in Figure 1 . The bonding in this family of compounds has been described as either being the result of the formation of a formal valence state configuration of (Ae) In this work, as this AeT rT tH family of compounds meets the requirements for a BPVE material, the "shift current," which has been demonstrated in earlier theoretical works to be the dominant mechanism for generating the BPVE in ferroelectrics, is calculated. [2, 3] The Glass coefficient, which is used to assess the total shift current response in a material that is thick enough to absorb all penetrating light, is also calculated. [24] One key reason for choosing this family of compounds to study is that many of its constituent elements are abundant in the crust of the earth and nontoxic, (e. g. Ca, Al, and Si in CaAlSiH). Further, although these compounds have been produced in bulk by arc melting followed by hydrogenation, they could be amenable to thin film synthesis, since these elements do not present contamination or toxicity problems in reaction chambers (as other elements do, e. g. Li, S, Pb, and Se). Also of importance to solar-cell device applications, members of the AeAlSiH sub-family of compounds have been reported to have decomposition temperatures in air at or above 770 K. [18] Finally, all of the AeT rT e family of compounds are low temperature superconductors. [25] As the a-lattice vector mismatch between each of these compounds and their corresponding hydrogentated phase is small (e. g. the a-lattice mismatch between
CaAlSi and CaAlSiH is only 1.2 percent), a seamless layered composite which has both BPVE and superconducting qualities might be achievable.
II. METHODS.
A self-consistent field (SCF) density functional theory (DFT) calculation, within the generalized gradient approximation (GGA), is performed on each of the compounds AeT rT tH (Ae = Ca, Sr, Ba), (T r = Al, Ga), and (T t = Si, Ge, Sn) using the Quantum Espresso computational package. [27] Furthermore, the same calculations are performed on a related compound, BaInGeH, for which it has been suggested that the H atom can have one of two locations in the unit cell and the In/Ge sites have mixed occupancy. [28] For consistency with the other compounds, BaInGeH is treated as having only a single site for H,
In, and Ge. From the generated wavefunctions, band structure, orbital-projected density of states, shift current tensor elements, and Glass coefficient tensor elements are calculated. The equations for the latter two can be found in References [3] , [29] , and [30] . The calculations for the shift current and Glass coefficient are performed using the code of Ref-
erence [3] . In the case of CaAlSiH, polarization is assessed using the Abinit computational package. [31] The atoms are modeled by norm-conserving pseudopotentials [32] created with the Opium software package. [33] The norm-conserving pseudopotentials are designed with a 50 Ry plane-wave cutoff, and the SCF and polarization calculations use this cutoff value as well. The atomic positions are taken from References [15] , [16] , [18] , [21] , and [23] , and the FIZ Karlsruhe ICSD database. [34, 35] The family of compounds in this study has 3m point group symmetry. The shift current response tensor is then represented in two dimensional matrix form as: [36] 
where where σ xxZ = σ yyZ , and -σ xxY = σ yyY . The off diagonal terms, (σ xzX , σ xyX and σ yzY ), give canceling contributions in the presence of unpolarized light. [12] III. RESULTS AND DISCUSSION. The orbital-projected density of states is calculated for CaAlSiH and shown in Figure 3 .
It is noted that the elements Ca, Al, and Si have been modelled with pseudopotentials that treat the nominally empty 3d-orbitals accurately. The plots show that the valence band edge is composed primarily of H-1s and Si-3p states. This agrees with previous work in published in Reference [18] . As well, at the conduction band edge, the Al-3p states are more prominent in the DOS than the other s-and p-states, again in agreement with [18] . The electronic structure presented here differs from previous reports in that that the d-states The plots in Figure 3 also show strong orbital interaction between H-1s states and Al-3s, -3p, and -3d states between -7 and -5 eV. To a lesser extent, the Si 3s and 3p orbitals interact with H-1s in this energy range. However, H-1s has a significant density between -2 and 0 eV as well, interacting with the 3d orbitals of Ca and Al and the 3p orbitals of Al and Si. The combination of interactions in these two regions leads to a more complicated designation of a formal valence state configuration of AeT rT tH as being either (Ae)
Polarization calculations for CaAlSiH show that the sum of the total Berry phase and ionic polarization is negligible in the x-and y-directions (less than 6 × 10 -4 C/m 2 ), but is significant in the z-direction: the magnitude of the polarization is P = P z = 0.11 C/m 2 .
By comparison, for BaTiO 3 , P = 0.90 C/m 2 . [38] This result is further evidence that the sizes of the shift current and Glass coefficient responses do not vary proportionally to the magnitude of polarization. [12] In order to determine if the polarization could be easily flipped configurations and the ground state configuration was 1.14 eV higher for the former, but only 0.21 eV higher for the latter. This is much more in line with the other two ferroelectrics listed above. It seems likely that the H atom would likely pass through the layer of Ba atoms to reverse polarization under an electric field than pass through an Al-Si layer. There might be more complicated ionic movements of the Al and Si atoms in which all three coordinates change for both and which result in a smaller well depth energy, but these have not been found in the current study. Figure 4 shows the double well polarization versus energy plot for CaAlSiH when the H atom movement is considered to be towards the plane of Ba atoms.
Note, the figure is plotted in consideration of the modern theory of polarization in which the quantum of polarization, P q , is taken into account. [41] For this compound, P q = 1.08 C/m 2 in the z direction. Further, the z-symmetric unit cell has a P= P z = -0.54 C/m 2 . This is indicative of a P q /2 + n P q system. [41, 42] IV. CONCLUSIONS.
The calculations performed in this work predict that the AeT rT tH (Ae = Ca, Sr, and Ba; T r = Al and Ga; and T t = Si, Ge, Sn) and BaInGeH hydrogenated Zintl compounds will produce significant calculated second order opto-electronic responses when subjected 
